We have obtained a polymer wall-stabilized smectic A liquid crystal to be used for bistable flexible displays. The polymer wall structure optimally connects the two substrates together, thus providing maximum flexibility as compared to the polymer dispersed liquid crystal. Moreover, all the intrinsic bistable properties of the smectic A material are preserved. We analyzed the pixel performance and demonstrated very good electro-optical characteristics, high contrast ratio, and excellent stability of the states. The polymer wall-stabilized smectic A on flexible substrates has high potential to be used as electronic paper. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2218274͔
Liquid crystals 1,2 ͑LCs͒ continue to be an area of intense research. Among many applications of LC devices, bistability is one of great interest for storing information, i.e., for memorizing a particular state indefinetely.
3 The possibility to prepare flexible LC displays was challenged from the beginning by the difficulty to maintain a uniform thickness and air bubble-free film after its bending. Therefore, the addition of polymer was required for providing the device with mechanical, thus optical stability.
One decade ago, a bistable flexible display utilizing a cholesteric LC mixture that could be switched between a reflecting planar state and a clear focal conic state has been reported. 4 Improved mechanical performance was achieved by using selective photopolymerization to build polymer walls connecting the plastic substrates. 5, 6 Polymer walls have been obtained also by combining the effect of an applied electric field with the difference in the dielectric constants of the LC and monomer to induce the diffusion of the LC to the high electric field pixel regions and of the monomer to the low electric field interpixel regions. [7] [8] [9] The separation of the LC and monomer is due to the Kelvin polarization force, 10 which density is given by
where P is the polarizability of the material and E is the electric field. At the interface between the separated LC droplet and the surrounding isotropic mixture, appropriate boundary conditions give
where 0 is the permittivity of the free space, d is the effective dielectric constant of the LC in the droplets, while mix is the dielectric constant of the isotropic mixture. Since the LC is aligned homeotropically by the strong electric field, d is practically equal to ʈ 1,2 of the LC. mix is given by
where c LC is the LC concentration, while m and LC are the dielectric constants of the monomer and LC in the isotropic phase, respectively. From the center to the edges of the electrode region, the gradient in the electric field goes from zero to its maximum value and so does the Kelvin force. Therefore, the phase separation is the most intense in the narrow interpixel region. Once formed, the LC droplets move from the interpixel to the pixel region, pushing the isotropic mixture towards the interpixel region, where the phase separation takes place. Subsequent ultraviolet ͑UV͒ exposure results in a polymer wall network enclosing the pixels occupied by LC. Surface induced polymer walls and islands driven by the presence of patterned substrates and by the alignment layers have been reported in a polymer/LC mixture.
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In this letter, we present results from combining the idea of patterned field induced polymer walls with the use of a bistable smectic A ͑SmA͒ LC. As it is known, the SmA molecules spontaneously arrange themselves in a layered structure with their long axis normal to the layers.
1,2 An electric field can switch a SmA between two stable states. [12] [13] [14] [15] The scattering focal conic state is obtained as the LC relaxes from the electrohydrodynamic instability 16, 17 ͑EHD͒ known as the dynamic light scattering, induced by a low frequency electric field pulse. The clear state is obtained as a homeotropically aligned texture after the application of a high frequency electric field pulse. The electric conductivity of the material is increased by ionic doping. One possibility to obtain bistable flexible displays using the SmA material is to prepare the polymer dispersed liquid crystal ͑PDLC͒ system. 18 The polymer network connects the two substrates together providing some mechanical strength to the display. Unfortunately, the obtained mechanical strength cannot sustain significant bent. The electro-optical performance is also limited by the presence of numerous SmA/polymer interfaces, which results in a decrease of the device contrast ratio ͑CR͒. We report here a significant improvement of the CR for the SmA devices by forming field induced polymer walls around the patterned pixels. Separation of the polymer to the interpixel regions results in a segregation of the SmA in the pixel regions. In this case, the presence of the polymer does not deteriorate the performance of the SmA material, instead provides an excellent pressure resistance, preventing a distortion of the display image. We show that the CR for the SmA confined by polymer walls is considerably greater than that for the SmA PDLC system and very close to the one for the SmA material.
We have compared the performance of three bistable systems: the SmA material, the SmA PDLC system, and the SmA material confined by polymer walls. In the isotropic phase, the SmA LC ͑TechnoDisplay͒ dielectric constant is about 6.6. At 25°C, while in the SmA phase, the dielectric constants along and normal to the optical axis of the LC are ʈ = 9.4 and Ќ = 3.5, respectively. Patterned field application was obtained by using indium tin oxide ͑ITO͒ coated glass substrates having the pixel electrode and interpixel widths of 290 and 29 m, respectively. Two substrates were sandwiched with the ITO pattern at 90°angle to each other. The gap between substrates was fixed by 16 m polystyrene spheres. The SmA LC, or a mixture of the SmA and the UV curable monomer NOA 65, 19 heated up in the convection oven to 100°C, filled by capillary action the gap between substrates.
To obtain polymer-stabilized LC, the SmA was mixed with NOA65 having the dielectric constant of about 4. At 25°C, the refractive index of NOA65 is 1.524. At the same temperature, the ordinary index of refraction for the SmA was found with the Abbe refractometer to be 1.511. Whether a PDLC or a LC locked-in by polymer walls, good index matching is required by the presence of the LC/monomer interfaces.
3 Since the LC/monomer density ratio is about 1.2 and given the patterned substrate characteristics as described before, we found that the corresponding mixing ratio should be about 87/ 13. The PDLC was prepared following appropriate sequence of UV curing temperature/UV light intensity/UV curing time conditions. Patterned field induced polymer walls were first obtained in the material without ionic dopant. In the doped material, the presence of ions initiates EHD, highly undesirable during the phase separation. We avoided this by using a high frequency alternating current ͑ac͒ electric field, thus shifting the threshold field for EHD to higher values. In this way, the field-induced phase separation driven by the Kelvin effect was the only ongoing process. The ac sinusoidal signal was provided by a Stanford Research Systems 30 MHz synthesized function generator DS345 and amplified by a trek high voltage amplifier 609E-9. The sample was cooled down from 100 to 30°C at a rate of −120°C/h under an applied ac electric field of frequency of 15 kHz and amplitude of 11.2 V rms / m. The temperature control was achieved using a Haake A80 bath circulator. At 30°C, the sample was held under the field for 2 h and subsequently cured for 10 min under an UV intensity of 12.5 mW/ cm 2 provided by an Electro-Lite Corporation ELC 4000 UV curing unit. After cleaning with hexane, a cross section of the sample was investigated using scanning electron microscopy ͑SEM͒. The SEM scan captured in Fig.  1 shows that the height of the walls is about the 16 m gap between substrates, proving that the polymer walls extend from the bottom to the top substrate.
The standard electro-optical ͑EO͒ responses were acquired in the normal transmission geometry, with the optically filtered He-Ne laser light collected by a photodiode after passing through the sample. Taking into account the ambient brightness, the transmitted light intensity was normalized to the laser light intensity detected in the absence of the sample. As Fig. 2 shows, the sample having polymer walls seems to give higher light scattering intensity. In order to explain this result, one has to take into account that the 1 mm diameter laser light beam is scattered only by the focal conic domains from the pixel regions, while high transmission is expected through the transparent polymer walls formed in the interpixel regions. Consequently, the collected light intensity is higher than the actual light scattering intensity from pixels only. In the sample without polymer, due to the fringing electric field that drives also the LC from the interpixel regions, the light scattering intensity is lower than in the sample with polymer walls. In a display, the interpixel regions are masked or a black background is used. In such a case, the only thing that matter is how well the pixels work. We determined, therefore, the CR for a pixel. Keeping constant the illumination and the magnification of a Nikon transmission microscope, images of both the scattering and the clear state for all the above samples were acquired by a charge-coupled-device camera and subsequently computer digitized. Figure 3 shows transmission microscope micrographs of the scattering state. We defined the pixel CR as the ratio of the average gray level for the clear state to the average gray level for the scattering state. The CR data for all pixels shown in the transmission microscope micrographs were weighted and a corresponding standard deviation of the weighted mean value was found. The results captured in Table I show that CR for a pixel is greater in the presence of polymer walls. Notice that the small values obtained for CR as compared to those obtained from the EO measurements ͑that can be derived from the data shown in matching between the LC and the polymer, one should also consider that at an interface, there is always some residual transparency or scattering due to LC molecules near the boundary not switching with the bulk. Another thing to be considered is that the transition to the scattering state is more effective in the presence of polymer walls since the EHD instability can be easily initiated at the strongly inhomogeneous polymer wall-LC boundary. In addition, the sharp step in the SmA film thickness at its interface with the polymer walls distorts the smectic layer structure the very first time the device is switched and aids to the initiation of scattering. 12 Another advantage over the PDLC system is that the polymer wall structure does not allow for the LC relaxation, thus providing the observed excellent stability of states.
In conclusion, we have obtained a polymer wallstabilized smectic A liquid crystal to be used for bistable flexible displays. We have shown that the contrast ratio for the polymer-stabilized SmA is the largest for the patterned field induced polymer wall morphology. The bending performance is greatly enhanced by the presence of the regular polymer network, which optimally connects the two substrates together and does not allow for the liquid crystal flow when the display is under mechanical stress. Although presented here are results obtained on glass substrates, we have already tested on plastic substrates. Thus, the patterned field induced polymer wall-stabilized smectic A has high potential to be used as electronic paper.
The Liquid Crystal Institute at Kent State University, TechnoDisplay AS within and with PolyDisplay ASA founded this research. The authors would like also to thank B. Wall for providing patterned substrates and L. Qiu for SEM. 
